Muscle contraction consists of a cyclical interaction between myosin and actin driven by the concomitant hydrolysis of adenosine triphosphate (ATP). A model for the rigor complex of F actin and the myosin head was obtained by combining the molecular structures of the individual proteins with the low-resolution electron density maps of the complex derived by cryo-electron microscopy and image analysis. The spatial relation between the ATP binding pocket on myosin and the major contact area on actin suggests a working hypothesis for the crossbridge cycle that is consistent with previous independent structural and biochemical studies.
on a Siemens X1000D area detector; 13 crystals were used to collect the native data. Most of these crystals were translated to expose a new region after 10 to 11 hours in the x-ray beam such that the data were collected from 35 segments. A total of 94,265 reflections were measured, which reduced to 21 ,370 unique reflections (Theoretical 24,556) with an Rmerge of 5.3 where Rrnerge = 1 {I/hi -llhl}/5hilhi X 100 /hi and 4h are the intensities of the individual and mean structure factors, respectively. These data were recorded with the goal of obtaining a complete, accurate low-resolution x-ray data set that could be used to determine the positions of the heavy atoms in the derivatives. The frame data were processed by the program XDS (64) and scaled with the Fox and Holmes algorithm as implemented by P. Evans in the programs Rotavata and Agrovata (65) . The x-ray data between 3.5 and 2.8 A were recorded on film at the synchrotron sources located at Comell (CHESS) and Stanford (SSRL). Data were processed with the software developed by M. Rossmann, modified to operate on a VAX (66) . The data were merged and scaled with the same software used for the area detector data, except for the inclusion of post-refinement to utilize the partial data (66) . A total of 178,986 measurements were recorded on 97 films to yield 36,781 independent reflections in the SSRL native data set with an R of 9.2. The final native data set consisted of structure factors from 100 to 4.5 A recorded on the area detector and data from 4.5 to 2.8 A recorded at SSRL. 21 Enzymol. 115,157 (1985) . 27 . T. Maita et al., J. Biochem. 110, 75 (1991); G.
Matsuda, Adv. Biophys. 16,185 (1983) . 28 . The size of the side chains observed in the electron density map was matched to the sequence with the program FITSEQ, available from I. Rayment on request. 29 . R. J. Read, Acta Crystallogr. Sect. A 42, 140 (1986). 30 Muscle contraction consists of a cyclical interaction between myosin and actin driven by the concomitant hydrolysis of adenosine triphosphate (ATP). A model for the rigor complex of F actin and the myosin head was obtained by combining the molecular structures of the individual proteins with the low-resolution electron density maps of the complex derived by cryo-electron microscopy and image analysis. The spatial relation between the ATP binding pocket on myosin and the major contact area on actin suggests a working hypothesis for the crossbridge cycle that is consistent with previous independent structural and biochemical studies. bridges that extend from the myosin filament and interact cyclically in a rowing motion with the actin filament as adenosine triphosphate (ATP) is hydrolyzed (1, 2) . The myosin head is an actin-activated adenosine triphosphatase (ATPase). Both solution kinetic studies and fiber experi-ments have demonstrated that transduction of the energy released by ATP hydrolysis into directed mechanical force occurs during product release-adenosine diphosphate (ADP) and inorganic phosphate, P,-rather than during the hydrolysis step itself (3, 4) . The contractile cycle deduced from kinetic studies has shown that Mg2`-ATP rapidly dissociates the actomyosin complex by binding to the ATPase active site of myosin; free myosin then hydrolyzes ATP and forms a stable myosin-products complex; actin recombines with this complex and dissociates the products, thereby forming the original actin-myosin complex. Force is generated during the last step (4).
The simple crossbridge cycle has been further elaborated (5) to incorporate the observation that release from actin is not obligatory during the hydrolysis of ATP. This requires the introduction of weakly and strongly bound states for the actinmyosin interaction that depend on the nature of the bound nucleotide. Central to this model is the idea that the crossbridge first binds in a weakly binding conformation and then undergoes an isomerization to a strongly binding form. The power stroke must occur within the tightly bound states in order that the energy of hydrolysis can be transduced as movement to the array of filaments (6) . The process is modulated by the status of the nucleotide binding site, particularly whether or not the y phosphate is present on the nucleotide.
Initial structural models for the crossbridge portrayed the myosin head as an oar that bound to actin at a point and acted at the same time as both a swivel and a motor (1, 7) . The large-scale rotation of the myosin head required by this model has not been substantiated and has led to the proposal (8, 9) that the origin of the rowinglike motion was located at some distance from actin. Subsequent studies demonstrated that the ATP binding site was remote from the actin binding site (10, 1 1). However, time-resolved fiber diffraction observations indicate that movement of the myosin head is synchronous with the elementary force-generating process in muscle (12) . Although such studies yielded extensive information about the biochemical properties of the contractile cycle, it proved impossible, without knowledge of the three-dimensional structures of the components and the way in which they interact, to interpret these data in terms of a structural model for muscle contraction. Indeed, until now, there has been no definite information on the way in which chemical energy is transduced into mechanical energy within the bounds of a macromolecular assembly. The structural determinations of actin and the myosin head or subfragment-1 (S1) have changed this situation (13, 14) . We now combine these x-ray crystallographic results with information from electron microscopy (EM) to set forth a molecular framework for the contractile cycle. The results suggest the nature of the conformational changes that may occur in the myosin head during force production and indicate which amino acids may be involved in the actomyosin interaction.
Model building. The molecular model of the actomyosin complex was derived from three sources. First, the coordinates of myosin S1 were obtained from the x-ray structure determined at 2.8 A resolution (14) . Second, the coordinates for the actin filament (F actin) were derived from the x-ray structure of G actin (13, 15) by fitting and refining a molecular model to the x-ray fiber data from oriented F actin gels (16) . Finally, the data necessary to combine these high-resolution structures were provided by low-resolution (-30 A) electron density maps of F actin and S1-decorated F actin which were calculated from images recorded by cryo-EM (17, 18 Fig. 2 . Stereo images showing (A) the best fit of the F actin model and the S1 x-ray structure in the molecular envelope of S1 (A2)-decorated F actin obtained by cryo-EM and image analysis (18) and (B) the good agreement between the location of the essential light chain (A2) and the corresponding difference density. (C) An a-carbon plot of five actin monomers and one molecule of S1. Samples for EM were prepared as described (17, 18) . Cryo-EM and image analyses were carried out as described with some modifications (17, 18) . Filament stretches of 30 to 32 crossovers were analyzed. As these were generally curved, they were computationally straightened. Prior to processing the helical filaments, density gradients in the images were removed (17, 18 (18) . Likewise the position of the essential light chain is in agreement with the difference electron density (Fig. 1C) . The location of the S1-ATP binding site in decorated filaments was previously identified through EM difference mapping by labeling the site with a biotinylated-ATP analog-avidin complex. The ATPase site was 40 to 60 A away from the actin binding site on the opposite side of the S1 head. The site was -60 A from the tip of S1 (21, 22) . A similar approach was used to locate a reactive cysteinyl resi- The envelope derived from cryo-EM shows the surface feature identified as the NH2-terminal domain of skeletal muscle S1 (20) . Attempts to rotate the head to align the 13 barrel and the surface feature result in a misfit for the rest of the molecule. In that this barrel projects away from the rest of the molecule it may adopt different positions relative to the head, which may account for the lack of exact correspondence with the EM data. (B and C) The interaction of myosin with actin viewed from two orientations revealing the details of the actomyosin interface and the relation between the active site and the actin binding site. The secondary structural elements in the myosin heavy chain are color coded according to their position in the primary sequence (14) . The three tryptic fragments are represented in different colors (27, 48, 49) . These are the NH2-terminal 25-kD, the central 50-kD, and one of the COOH-terminal 20-kD fragments, colored in green, red, and blue, respectively. The 50-kD and the 20-kD fragments have been shown to interact with actin (27, 50) . In (B) the equivalent positions of residues crosslinked in chicken gizzard heavy meromyosin are indicated. In (C) the actomyosin complex has been rotated 90°r elative to (B) and shows the position of the nucleotide binding pocket relative to the actinmyosin interface.
due (SH1) on myosin S1 in decorated filaments. It was found that SH1 and the actin binding sites were 50 to 60 A apart on the same side of the S1 head (22, 23) . These data are consistent with the model presented below. The NH2-terminal region of skeletal myosin (type II) sequences contain a segment that is absent from several non-muscle myosins (type I) (24) . In the x-ray structure of chicken skeletal myosin S1, this region forms a small antiparallel 1 barrel (residues 36 to 78) that hangs away from the rest of the head (Figs. 2C and 3 ). This tertiary structural motif is associated with a protuberance in the image reconstruction of skeletal myosin S1 that is absent from reconstructions of myosin I (20) . In the model of myosin-decorated F actin, the NH2-terminal 13 barrel of one head is in close contact with a second molecule of S1. This is consistent with crosslinking evidence that a specific linkage can be formed between two adjacent heads when they are bound to actin but not when free in solution (25) . One such point of interaction has been accurately identified for chicken gizzard heavy meromyosin by sequencing the crosslinked peptides (26) at an angle of -20°with respect to the filament. If the model were placed in the correct location in the sarcomere, the helix would point toward the M line and would represent an appropriate mechanical arrangement for S1 to apply tension to the rod portion of the myosin molecule. A distinctive feature of the structure of S1 is a narrow cleft that extends from under the nucleotide binding site to the end of the head. This cleft divides the near axial one-third of the head into two domains; the upper and lower domains of the 50-kD segment of the heavy chain (14) . The cleft, relative to the actin-myosin interface, (Figs. 3 and 4A) lies at an angle of~30°to the actin filament axis. Opening and closure of this cleft is the most likely mechanism for communication between the nucleotide binding site and the actin binding site as described below. An important feature of the actomyosin interaction is that it involves interactions in the rigor state from both sides of the narrow cleft that splits the 50-kD segment of the myosin head together with the first helix of the 20-kD region. This suggests that formation of the tightly bound state from the weakly bound state is a sequential, multistep process that might first involve formation of a stereospecific interaction between actin and the lower domain of the 50-kD segment followed by cleft closure and incorporation of interactions from the upper domain. Each myosin head interacts with two actin monomers forming primary and secondary binding sites (Fig. 3B) . The primary binding site on S1 involves interactions with both subdomains 1 and 3 of one actin molecule and a smaller interaction with the next actin molecule down on the actin helix, whereas the secondary site involves a distinct interaction with the neighboring molecule one turn down. Because of anticipated domain movements in the heavy chain, conformational freedom of the surface loops on both actin and myosin, and possible errors in the modeling process, it would be inappropriate to discuss the exact relation between amino acid residues at the binding sites. However, the general features of the interactions are consistent with kinetic and physical observations on actomyosin as described below.
Examination of the myosin S1 primary binding site suggests that it is potentially composed of three types of interactions with actin: (i) an ionic interaction involving a flexible loop, (ii) a stereospecific interaction involving hydrophobic residues, and (iii) a strengthening of this interaction by the recruitment of additional loops from the upper 50-kD domain. The following discussion is based on the amino acid sequences for rabbit and chicken skeletal muscle actin and myosin, respectively (28, 29). The docking process places the segment 62 between amino acid residues Tyr626 and Gln647 of myosin (50-to 20-kD junction) into the actomyosin interface (Fig. 3, A  and B ). This segment is disordered in the x-ray structure and contains five lysines and nine glycines. These lysine residues are protected from proteolysis in the presence of actin thereby suggesting that they are flexible in solution and either are physically protected by actin (27) or only adopt a distinct conformation when bound in the actomyosin interface. From the location of residues Tyr626 and Gln47, the intervening 20 residues would be close enough to interact with the six negatively charged residues located between Asp' and Glu4 and including Asp24 and Asp25 on actin. This is consistent with the observation that this segment on myosin can also be chemically crosslinked to the NH2-terminus of actin (30) . This interaction is expected to be predominately ionic (five lysines in the loop and six carboxylic acid groups near the NH2-terminus of actin) and should be sensitive to ionic strength. This component of the structure could be partially responsible for the ionic strength-dependent "weak binding" established as a characteristic of low ionic strength actomyosin interaction (31) . These interactions might allow the head to adopt a range of orientations while in close proximity to actin. Additional evidence for the involvement of the NH2-terminal segment of actin in the actomyosin interaction is provided by the observation that when these carboxylic acid containing residues of actin are mutated to histidines, filaments of the mutant actin exhibit ATP-dependent myosin binding but are unable to support movement in an in vitro motility system (32) . A potential stereospecific interaction between myosin and actin involves two segments of the S1 heavy chain sequence A few of the residues on actin and myosin located in the interface in the current model. Given the expected conformational change in myosin when it binds to actin and the errors in the modeling process, it is inappropriate to consider the exact interaction between the residues. However, it is compelling that this orientation places exposed hydrophobic residues on both actin and myosin in the same interface region. SCIENCE * VOL. 261 * 2 JULY 1993 --..... iiiiiii and two segments of actin (Figs. 3B and  4A ). On myosin this occurs through the heavy chain segment from Pro529 to Lys553, which consists of a helix that extends from Gly516 to Phe542, a loop from Pro543 to Thr546, and a second helix from Asp547 to His558. The first helix contains a prominent bulge at Pro529. These two helices on myosin run at an angle of~10°to each other, are located at the end of the lower domain of the 50-kD segment, and are in close proximity to residues Ile341 to Gln354 and Ala144 to Thr148 of actin. In addition, residues Asn552 to His 558 of myosin are close enough to make contact with residues His40 to Gly42 in the actin subunit below. Residues Gln647 to Lys659 of the myosin heavy chain are also located in the actinmyosin interface. These are the first residues observed after the missing loop at the junction of the 50-and 20-kD segments of the myosin heavy chain.
Two general features of the stereospecific interaction are evident. (i) Exposed hydrophobic residues on the surface of actin represented as a sphere. In the near axial third of the myosin head, the narrow cleft that splits the 50-kD segment of the myosin heavy chain sequence into two domains is for simplicity represented as a horizontal gap perpendicular to the filament axis. In the model, this cleft lies at an angle of~300 to the filament axis and the opening and closing of the cleft would not be evident from this view. The representation of the nucleotide-bound state and its associated conformational change relative to the x-ray structure of myosin is conceptual in nature.
are placed in close proximity. This area also contains potentially complementary ionic and polar groups. (ii) The best fit of the models to the image reconstruction produces a collision between the actin and myosin that could be relieved by moving the entire myosin molecule a few angstroms away from the actin filament or by closure of the narrow cleft that extends from under the nucleotide binding pocket to the actomyosin interface and separates the upper and lower domains of the 50-kD segment. The first possibility seems unlikely because after movement of the S1 molecule, it would no longer be contained within the envelope of the reconstruction. Thus closure of the narrow cleft in myosin on forming the rigor complex is the most likely occurrence and provides a line of communication between the actin binding site and nucleotide binding site.
In addition to the loop located at the 50-to 20-kD junction there is a second loop, and this one interacts with actin. The segment between Arg405 and Lys415 on myosin extends toward the actin filament and forms a close contact with residues Pro332 to Glu334 on actin. In the x-ray structure, this loop is stabilized by an interaction with a symmetry related molecule in the crystalline lattice. It is likely that this loop can adopt a number of conformations. The importance of this segment in normal muscle function has been implicated from genetic studies of familial hypertrophic cardiomyopathy. These investigations have shown that mutation of residue Arg403 to Gln in human 1B cardiac myosin (405 in the chicken sequence) is a factor in this disease (33) . It is also known from in vitro motility studies that this mutation alters the kinetic properties of myosin S1 even though it is located far from the nucleotide binding site (34) . In addition, an amino acid sequence comparison reveals that the phosphorylation site, important for regulation of nonmuscle myosins (type I), is close to this loop (24) . It is compelling that the phosphorylation site is located in the actomyosin interface.
The segment of myosin S1, from residues Lys567 to His578, forms an exposed loop that has few contacts with the rest of the molecule and extends toward a second actin monomer below the primary binding site (Fig. 3B) . The electron density associated with this segment in the x-ray structure is weak (14) suggesting that it is rather flexible. Although this segment is not directly in contact with actin in the model, it could easily extend across the gap and make contact with actin residues Tyr91 to Glu' .
An important role for this interaction is suggested by studies of mutant actin. When
Glu99 and GlulWl are changed to histidines, filaments of the mutant actin show ATP-SCIENCE * VOL. 261 * 2 JULY 1993 dependent myosin binding, but the in vitro motility is reduced by a factor of five (35) . This interaction could be predominantly ionic in nature since it involves positively charged residues on myosin (Lys572 and Lys574) and negatively charged residues on actin. These are conserved residues in vertebrate skeletal myosins. Such an interaction would account for the connection between actin and the myosin head seen in the image reconstructions of decorated actin (18) . Since, in our model, myosin interacts with two actin subunits, this would also account for the tendency of myosin to catalyze the polymerization of G actin (36) .
The relation between the nucleotide binding site and the actin binding site on myosin Si is shown in Fig. 3C . The active site may be identified by the location of a sulfate ion in the phosphate binding loop lying at the bottom of a wide open pocket. It is immediately clear that these critical components of the myosin molecule are separated by at least 35 A as was predicted (13, 37) . The nucleotide binding pocket, which is in an open conformation, faces away from the F actin filament and is inclined at an angle of approximately 450 to the filament. It is estimated that closure of this pocket would result in a movement of the COOH-terminus of the heavy chain, relative to actin, by at least 50 A (14) .
A model for the molecular basis for muscle contraction. The model of the actomyosin complex is most likely close to that of the rigor state of the actin-myosin complex and offers a view of the molecular arrangement at the end of the contractile cycle. This is only one of the views necessary to fully establish the molecular basis of motility. However, the structure of the myosin head suggests that the power stroke arises from the reversal of domain movements in the myosin heavy chain induced by nucleotide binding and that these occur some distance from the actomyosin interface (14) . Thus, the single view of the actomyosin complex does provide insights into what may occur during the active parts of the cycle. An immediate suggestion is that myosin forms a tight interaction with actin in only one orientation.
A second implication arises from the observation that the actomyosin interaction comprises a number of distinct components. This implication suggests that binding of myosin to actin during the power stroke is concomitant with a sequential series of interactions beginning with the putative "weak binding" of the myosin loop Tyr626 to Gln647 and ending with all the described actomyosin interactions in place. A particularly attractive aspect of this idea is that the area of the binding site increases with each step in the sequence, providing a simple mechanism for generating an increasing binding constant during the process.
Perhaps the most important suggestion arising from the model is that release of the myosin from actin is caused by opening the cleft between the upper and lower domains of the 50-kD heavy chain segment when that part of the nucleotide that carries the y phosphate binds in the active site pocket. This would serve to disrupt the actin binding site on myosin. The putative y phosphate binding site lies below the phosphate binding loop (14) at the apex of the cleft and provides a way for ATP binding to influence the binding affinity of myosin for actin. These observations, together with the extensive kinetic and structural data available for the contractile system, form the basis for a hypothesis describing the structural basis of the crossbridge cycle (Fig. 5) .
Starting at the rigor complex (Fig. 5A) , it is assumed that the narrow cleft between the upper and lower domains of the 50-kD segment is in a closed conformation. The binding of nucleotide is seen as a two-step process. In the first stage, only the -y, I, and a phosphates and perhaps part of the ribose moiety of the nucleotide bind to the protein in the P loop at the base of the active site pocket. As a consequence, the narrow cleft between the upper and lower domains of the 50-kD segment opens, thereby disrupting the strong binding interaction between myosin and actin but still allowing the weak binding state (Fig. 5B) . This first step is consistent with the reduction of the binding affinity when ATP first binds to myosin. In the second stage of ATP binding, closure of the nucleotide binding pocket around the base (14) causes the molecule to undergo a further conformational change leading to a net change in the curvature of the molecule such that the COOH-terminus of the heavy chain would move at least 50 A relative to the actin binding site. Hydrolysis of the nucleotide follows, giving a metastable state with bound product (Fig. 5C ). Implicit in this hypothesis is the concept that the molecule must undergo a conformational change in order to attain a tight complex with the nucleotide and to orient the residues in the active site such that hydrolysis of ATP can occur. In this state, the equilibrium constant for ATP hydrolysis and resynthesis is close to unity at low ionic strength, although it is somewhat higher at physiological ionic strength (38) . The rate-limiting step in the absence of actin is the release of products from the enzyme. This step is catalyzed by actin.
Rebinding of myosin to actin may consist of a multistep process, involving several conformational states for myosin, in which t e f r t s a e i h omto ftewa the first stage is the formation of the weak ionic interaction followed by a stronger but 64 stereospecific interaction with actin involving the lower domain of the 50-kD segment. Incorporation of the components from the upper domain of the 50-kD segment of myosin S1 completes the process and allows the gap between the upper and lower domains to close to produce strong binding. Closure of the cleft is then seen as a way to lower the affinity of the molecule for the y phosphate, which would then be released. Loss of the y phosphate would trigger the start of the power stroke and allow the myosin molecule to reverse the conformational change induced by binding of the adenine portion of the nucleotide (Fig. 5D ). This would result in a reopening of the active site pocket after which the molecule would return to its rigor state (Fig.  5E ). During this process, ADP would be released, and ATP could then rapidly rebind. In the muscle fiber, the myosin head would be tethered to the thick filament through the S2 region of the molecule such that the rate of this conformational change would be determined by the actomyosin lattice movements. One of the implications of this model is that formation of the tight-binding conformation, which serves to initiate the power stroke, will only occur when the myosin head is in a stereospecific orientation with respect to actin filament. This is probably necessary for the efficient transduction of force to thick and thin filament arrays.
The above scheme is consistent with fluorescence and kinetic measurements suggesting that both actin and nucleotide binding to myosin are multistep processes (5, 39, 40) . In addition, the proposed multistage binding of nucleotide agrees with the observation that in the presence of pyrophosphate the binding affinity of myosin for actin is 400 times lower (41, 42) although pyrophosphate is not hydrolyzed and does not support tension development in muscle. In contrast, phosphate alone does not release myosin from actin, which suggests that the conformational change that reduces the binding affinity of myosin for actin requires a minimum of both the y and P phosphate groups. However, since ADP reduces the binding of myosin for actin by a factor of 40 (41 ) , it is likely that the initial binding of ATP to the actomyosin complex includes contributions from the entire nucleotide.
There is considerable chemical evidence for rearrangements in the head associated with the nucleotide binding step as discussed in the description of the x-ray structure (14) . In addition, chemical crosslinking studies suggest that there are specific conformational changes in the myosin head associated with the 25-and 20-kD segments when it binds to actin (43 otide-induced conformational changes in the head. Low-angle neutron scattering measurements do not show any changes of the radius of gyration of myosin S1 when it binds to actin (44), whereas low-angle x-ray scattering measurements (45) have demonstrated changes associated with nucleotide binding in solution. Both of these observations are consistent with our model since the predicted changes in the structure of the myosin head on binding to actin are small and would be difficult to detect by low-angle scattering.
In this article, we have attempted to correlate the results from the extensive literature on muscle biology and biochemistry with our structure for the actomyosin complex. Many of the properties described here have been foreseen by previous studies based on kinetic, fluorescence energy transfer, antibody labeling and EM measurements (9) (10) (11) 37) . However, the present synthesis offers new insights into the atomic processes of muscle action, and these can be tested by a combination of chemical, biochemical, molecular biological and structural studies.
